Abstract: Hydroxycarbonate apatite (HCA) coatings on two types of composites containing calcium carbonates were prepared by a biomimetic method using simulated body fluid (SBF). Poly(lactic acid) (PLA) composites containing calcium carbonates formed HCA on the surface after soaking in SBF for 3 h. The PLA composites had numerous carboxy groups bonded with Ca 2+ ions. Titania composites containing calcium carbonates formed HCA on the surface after soaking in SBF for 1 d. Formation of titanium hydroxide groups was drastically promoted on the titania composite by soaking in SBF. The HCA-forming ability of these composites was much higher than that of PLA or titania crystals. Vaterite in the composites plays an important role in HCA formation in SBF. By soaking in SBF, a large amount of Ca 2+ ions released from the vaterite increase in the supersaturation of HCA in SBF.
INTRODUCTION
Recently, much attention has been paid to hydroxycarbonate apatite (HCA) as a novel biomaterials, since HCA is very similar to the apatite in terms of living bone in its chemical composition and structure and shows effectively compatibility in cell attachment, proliferation and differentiation on the material, i.e., osteoconductivity as well as good bioresorbability. [1] [2] [3] Thus, HCA coatings on the surface of materials are likely to be very attractive for formation of suitable materials for bone repair.
A preparation method for HCA coatings on the metals, polymers and ceramics based on immersion in simulated body fluid (SBF), termed a biomimetic method, has been introduced. 4 It is known that SBF is a tri-buffer solution, which includes (CH 2 OH) 3 CNH 2 and HCl, with ion concentrations equal to those of human blood plasma excepting that HCO 3 -and Cl -, and its HCO 3 -concentrations is lower and Cl -is higher than those of human blood plasma. 5 It was reported that HCA with a composition and structure close to those bone apatite would be produced if the SBF could be conditioned to have ion concentrations close to those of human blood plasma. 6 This method has an advantage over conventional coating techniques in that the materials can be homogeneously coated with nano-sized HCA without the need of a heating process. Two indispensable conditions needed for the formation of HCA coating on materials using SBF are the existence of surface functional groups that induce nucleation of HCA and the increase in the supersaturation of HCA in SBF. 7, 8 To increase the supersaturation of HCA in SBF, a large amount of Ca 2+ ion should be released from the materials. Calcium carbonate is expected to supply both Ca 2+ and carbonate ion when immersed in SBF. As a result, the supersaturation of HCA would increase and the concentration of carbonate ions in SBF would come close to that in SBF. It is well known that calcium carbonate has three polymorphs, viz, calcite, aragonite and vaterite. Solubility of vaterite is higher than that of calcite or aragonite. 9 Our strategy for HCA coating using a biomimetic method is to incorporate vaterite, which has high Ca 2+ ion-releasing ability to increase the supersaturation of HCA in SBF, with materials having surface functional groups that induce HCA nucleation. Biodegradable poly(lactic acid) (PLA) is one of the promising candidates for supplying inducers for HCA nucleation. A carboxy group is known to induce HCA nucleation 10 and can be formed by hydrolyzation of PLA. Titania has a tendency to adsorb water at the surface, resulting in formation of titanium hydroxide groups, i.e., acidic TiOH groups and basic Ti-OH groups.
11 Ti-OH groups at the surface are suggested to induce HCA nucleation. 12 In the present work, HCA formation on the surface of the composites consisting of vaterite and PLA or titania after soaking in SBF was examined to clarify the importance of the material design for HCA coating utilizing vaterite combined with a biomimetic method.
MATERIALS AND METHODS

Preparation of a suspension containing calcium carbonates
Calcium carbonates consisting predominantly of vaterite were prepared by a carbonation process in methanol.
13 CO 2 gas was blown for 1 h at a flow rate of 300 mL/min into the suspension consisting of 4.6 g of Ca(OH) 2 in 120 mL of methanol at room temperature. The specific surface are of the resultant calcium carbonates was determined to be 40 m 2 /g by a nitrogen gas sorption analysis.
Preparation of composites consisting of PLA and calcium carbonates
Semi-crystalline poly (lactic acid) (PLA) produced by Shimadzu Corp. (LACTY#2012) was used. The molecular weight of the PLA was determined to be 160±20 kDa by gel-permeation chromatography. 2 g of PLA was dissolved in 20 mL of methylene chloride. The PLA solution was put into the suspension containing calcium carbonates and then the mixture was stirred for 5 min. The weight ratio of PLA/calcium carbonates was 1/3. The mixture was dried at 40 °C for 4 d. Disk-shaped samples (20-mm diameter × 2-mm thickness) were prepared by compressing the powders in a stainless steel die at an uniaxial pressure of 65 MPa. The samples were heated at 180 °C for 1 h to sinter the PLA as a matrix.
Preparation of powder-compacts consisting of titania and calcium carbonates
Titania powders (P25S6) received from Nippon Aerosil were used. The titania powder contains crystalline phases of 80 % anatase and 20 % rutile with an average primary particle size of 21 nm. Average cluster size of the titania powders was measured to be 2.2 µm by a light-scattering method. 2 g of the titania powders were added into the suspension containing calcium carbonates and then the mixture slurry was stirred for 5 min. The weight ratio of titania/calcium carbonates was 1/3. The mixtures were dried at 100 °C for 1 d. The powder mixtures consisting of titania and calcium carbonates were pressed isostatically at 100 MPa to obtain disk-shaped compacts (20-mm diameter × 2-mm thickness).
HCA formation on the sample surfaces by a biomimetic method
The samples were soaked in SBF consisting of 2. , and 0.5 mM of SO 4 2-that included 50 mM of (CH 2 OH) 3 CNH 2 and 45.0 mM of HCl at pH 7.4 at 37 °C to be coated with HCA on the surface of samples. After soaking, the samples removed from SBF and then gently washed with distilled water. They were dried at room temperature.
The sample before and after soaking in SBF was examined by an X-ray diffractometer equipped with thin-film attachment (TF-XRD), at a glancing angle of 1º and observed by scanning electron microscopy (SEM). Concentrations of calcium and phosphorus elements after soaking the sample in SBF were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) to measure the amount of calcium released from the sample. The structure of carboxy groups in PLA was examined by 13 C cross-polarization magic angle spinning nuclear magnetic resonance( 13 C CP/MAS-NMR). X-ray photoelectron spectra (XPS) of the O 1s level for the samples before and after soaking in SBF were measured under an ultra high vacuum (~10 -7 Pa) using monochromatized Al-Kα Ray irradiation. The binding energy was normalized to the C 1s energy.
RESULTS AND DISCUSSION
HCA formation on PLA composites containing calcium carbonates Figure 1 shows TF-XRD patterns and SEM photos of the PLA composite before and after soaking in SBF. The TF-XRD pattern before soaking shows that the PLA composite consists of calcium carbonates prepared in the present work and crystalline PLA. The SEM photo before soaking shows that the PLA composite has numerous spherical particles of 0.5µm in diameter. The particles are suggested to be vaterite crystals because they have a tendency to form in fine-sized spherical shapes. 9 No needle-or pillar-like crystals, which are typical shapes of aragonite or calcite, respectively, are observed in the photo. The PLA composite is suggested to include a large amount of vaterite crystals. In the TF-XRD pattern after soaking for 3 h, new peaks corresponding to apatite can be seen. On the other hand, the peaks corresponding to vaterite disappear. The SEM photo after soaking for 3 h shows that the surface of the PLA composite is completely covered with the leaf-like deposits. The morphology and the TF-XRD pattern suggest that they are HCA. Figure 2 shows the amount of Ca 2+ and P 5+ elements after soaking the PLA composite in SBF in various periods. The Ca 2+ ion amount in SBF increases slightly at the initial stage and subsequently decreases. Successively, it increases again. Ca elements are rapidly released in SBF from PLA composite after soaking due to the fast dissolution of vaterite. As a result, the supersaturation of HCA in SBF increases rapidly. The P 5+ ion species amount in SBF decreases rapidly after soaking. The P species is suggested to adsorb on PLA composite. After soaking for 1 d, the amount of P species in SBF is very small. HCA formation is completed when P species in SBF are exhausted after 1 d. Figure 3 shows 13 C CP/MAS-NMR spectra of PLA and the PLA composite. A peak in the spectrum of PLA is located at around 167 to 173 ppm due to carboxy groups. The band is asymmetric and has a shoulder at 171 ppm. On the other hand, a peak at 172 ppm can be clearly seen in addition to that at around It has been reported that when bivalent ions are coordinated with carboxy groups, a new peak appears on the side of the low magnetic field in the band due to these groups. 14 The new peak is suggested to originate from a bond between carboxy groups and Ca 2+ ions. At an early stage in the formation of HCA in SBF, Ca 2+ ion was suggested to make a bond with the functional groups to induce apatite nucleation. 15 This implies that the existence of the PLA having numerous carboxy groups bonded with Ca 2+ ions and the effective increase in the supersaturation of HCA in SBF due to fast dissolution of vaterite contribute to high HCA-forming ability in SBF. Figure 4 shows TF-XRD patterns and SEM photos of the titania composite before and after soaking in SBF. Numerous nanoparticles with diameters of ~100 nm can be seen in the SEM photo before soaking. The TF-XRD pattern before soaking shows that the titania composite consists of anatase, rutile, and vaterite, with small amounts of calcite and aragonite. In the TF-XRD pattern after soaking for 1 d, new peaks corresponding to apatite can be seen. In the SEM micrograph after soaking for 1 d, the surface of the titania composite is completely covered with the leaf-like nanodeposits, which are HCA, judging from the morphology and the TF-XRD pattern. Newly formed calcite was not observed by the SEM and TF-XRD analysis. A large amount of Ca 2+ ion released from dissolution of vaterite is suggested to increase the supersaturation of HCA in SBF, resulting in the deposition of HCA prior to conversion of vaterite into calcite. In our preliminary experiments, no HCA formed on the titania powder-compacts even after soaking for 30 days. 16 In comparison with the titania powder-compacts, the titania composite has much higher HCA-forming ability in SBF.
HCA formation on titania composites containing calcium carbonates
Changes in the amounts of titanium hydroxide groups on the surface of the titania composite were examined using XPS of the O 1s levels before and after the soaking in SBF. The spectra were deconvoluted into three Gaussian component peaks as reported by Sham et al. 17 : 529.5 eV; O in surface oxide lattices (denoted by TiO 2 ), 531.4 eV; O in acidic TiOH groups and physisorbed H 2 O (denoted by TiOH) and 532.2 eV; O in basic Ti-OH groups (denoted by Ti-OH). In the spectra of the titania composite, the information on calcium carbonates consisting predominantly of vaterite was included in addition to that on titania. Thus, they were deconvoluted into four Gaussian component peaks, including 531.8 eV; O in vaterite. 18 The relative ratios of their peak areas are shown in Table 1 . The relative ratios of titanium hydroxide groups on the titania composite before the soaking are comparably small. After soaking for 6 h, the ratios of titanium hydroxide groups on the titania composite increase. On the other hand, vaterite peaks of the titania composite decrease extremely due to the dissolution. In our earlier experiments, almost no changes in the ratios were seen between before and after soaking the titania powder-compacts. 16 It is proposed that the amount of titania particles, which come into contact with water, increases after the dissolution of vaterite, resulting in an increase in the amount of the adsorbed water around the surface. pK a values for TiOH and Ti-OH groups are 2.9 and 12.7, respectively. 19 The TiOH group is supposed to be neutralized in SBF with pH ~7.4 and the Ti-OH group has to dissociate. Thus, the surface of the titania is negatively charged. The negatively charged units on titania would be postulated to interact selectively with the positively charged calcium ions in the fluid. An excellent HCA-forming ability on the titania composite is suggested to originate from rapid formation of a bond between Ti-OH and Ca 2+ ion, which is released into SBF due to the fast dissolution of the vaterite in the composite, and from the associated increase in the supersaturation of HCA in SBF.
The PLA composite has much higher HCA-forming ability than the titania composite. The PLA composite has numerous carboxy groups, that induce HCA nucleation, bonded with Ca 2+ ions. This implies that the complexes between the functional groups and Ca 2+ ions play an important role in the HCA formation in a short time in SBF. CONCLUSION PLA composite formed HCA on the surface after soaking in SBF for 3 h. The PLA composite had carboxy groups bonded with Ca 2+ ions for HCA nucleation. The PLA composites are focused strongly on a clinical application to bone repair due to its bioresorbability and bioactivity. Titania composite formed on the surface after soaking in SBF for 1 d. The increase in Ti-OH groups at the titania surface after soaking in SBF was suggested to induce HCA nucleation. The titania/HCA composites prepared by soaking the titania composites in SBF are focused strongly on environmental materials with photocatalytic activities of titania and adsorption activities for bacteria and viruses of HCA. Calcium carbonates, which has high solubility in SBF, in these composites plays an important role in HCA formation by a biomimetic method. The materials design utilizing calcium carbonates and materials with functional groups is a promising strategy for the preparation of HCA coating on the surface by a biomimetic method.
